Abstract The objectives of this study were to ascertain the prevalence and potential sources of lead exposure among pregnant women residing in a socially-disadvantaged immi grant community in Albuquerque, New Mexico. Pregnant women (n = 140) receiving prenatal care through a community clinic participated in a structured interview and screening to measure their blood lead levels (BLLs). Potential sources of lead exposure were ascertained by the CDC and New Mexico Department of Health questionnaires. Self-reported risk factors were examined as predictors of BLLs using multiple linear regression and partial least squares discriminant analysis. Most patients were Spanish-speaking (88.6%), Latina (95%), foreign-born (87.1%), lacked health insurance (86.4%), and had a high school education or lower (84.3%). While risk factors were prevalent in this population, only three women (2.1%) had BLLs C3 lg/dL. Results of multivariate analyses demonstrated that pica symptoms in pregnancy, history of elevated BLLs before pregnancy, use of non-commercial pottery, and living in older houses were important predictors of elevated BLLs. Although the prevalence of other risk factors relevant to immigrant communities (i.e., use of traditional/folk remedies and cosmetics, seasonings and food products from Mexico) was high, they were not predictive of elevated BLLs. Clinics providing prenatal care to immigrant Hispanic communities should carefully assess patients' pica symptoms, use of non-commercial pottery, and a history of elevated BLLs. Moreover, additional efforts need to focus on the development of screening questionnaires which better reflect exposures of concern in this population.
standard of care, yet identifying and eliminating sources of lead exposure among pregnant women can substantially improve maternal and neonatal health outcomes [7] .
Even BLLs below the 10 lg/dL, the Centers for Disease Control and Prevention (CDC) cutoff for 'level of concern', might result in adverse outcomes in these populations. A recent study of mothers aged 15-49 in New York reported that maternal BLLs \10 lg/dL resulted in statistically significant decreases in birth weight [10] . Updated CDC guidelines call for interventions and increased education for all pregnant women with BLLs greater or equal to 5 lg/dL in an effort to eliminate prenatal lead exposure [5, 11] .
Targeted public health efforts for over three decades have greatly reduced average BLLs in the general U.S. population to less than 20% of levels measured in the 1970s [12] . This is partly due to eliminating lead-based paint, leaded gasoline, solder from canned food, and increasing regulations on imported food products and lead levels in food [13, 14] . However, the CDC identifies certain subgroups of U.S. women of childbearing age that remain at increased risk: (1) women working in manufactures which involve lead (e.g., smelting, auto repair, construction, firing ranges, painting, manufacturing of ceramics, stained glass, batteries, or plastics) or those who have indirect 'take-home exposure' from lead dust carried by a family member; (2) foreign-born recent immigrants; and (3) pregnant women with certain dietary and lifestyle risk factors such as pica symptoms (i.e., the intentional ingestion of nonfood items), iron and calcium deficiency [11] . Mexican-Americans may be particularly at increased risk of lead exposure due to the use of folk/traditional remedies, lead-glazed ceramic pottery, and Mexican-produced food products [15] [16] [17] [18] .
The primary objectives of this clinic-based study in the state of New Mexico were: (1) to estimate the prevalence of elevated BLLs among socially-disadvantaged pregnant women, predominantly recent immigrants, and (2) to identify behaviors that expose this population to potential sources of lead exposure.
Methods

Study Design and Population
A cross-sectional study design was utilized to measure BLLs and to ascertain risk factors of lead exposure among pregnant women attending a UNM community Maternal & Family Planning clinic in Albuquerque, New Mexico. The clinic serves predominately Spanish-speaking, immigrant women who lack health insurance. Eligible women included those who were C18 years of age, B20 weeks of gestation, spoke English or Spanish, and had an ultrasoundconfirmed singleton pregnancy. Between November 2009 and September 2010, 144 consecutively chosen pregnant women, who were attending the clinic on the days when a study coordinator (SC) was on site, were offered participation and 140 enrolled (97.2% participation rate). The most common reasons for non-participation included not being interested, time constrains, or unwillingness to participate in phlebotomy.
The study was approved by the UNM Human Research Review Committee (HRRC); all study participants signed a written informed consent. After the interview, participants received a brochure in English or Spanish on prevention of lead exposure and a 2010 U.S. Environmental Protection Agency (EPA) desk calendar with month-to-month lead information.
Structured Interview
At enrollment, patients participated in a semi-structured interview in English or Spanish, depending on the patient's preference. Socio-demographic, lifestyle, and reproductive health characteristics were ascertained. Self-reported data on medical and reproductive histories, including pregnancy dating, complications, and medical conditions were confirmed by review of electronic medical records for all participants.
Maternal behaviors with potential risk of lead exposure were ascertained by the 5-item CDC Blood Lead Screening Risk Questionnaire, the New Mexico Department of Health lead screening questionnaire, and additional questions about lead exposures identified in the literature. The CDC questionnaire collected information on housing features (e.g., regularly live or visit a house built prior to 1960 with peeling or chipped paint, renovations or remodeling that generates a lot of dust, proximity to an active lead smelter or facility that is likely to release lead), previous treatment or observations for lead poisoning among children or housemates, and jobs or hobbies that use lead or lead products among adults living in the household [2, 19] . Although the questionnaire was originally designed to be completed by parents about their children's exposure, the reported sensitivity (75.7%) and negative predictive value (93.1%) for use in pregnant women were comparable to its reported accuracy in young children [1] .
Additional questions about potential sources of lead exposure were included from the New Mexico Department of Health lead screening questionnaire [20] . These questions inquired about behavioral and lifestyle factors (e.g., pica behavior, use of traditional/folk remedies or cosmetics, non-commercially prepared pottery, ingestion of Mexican seasoning or candies, playing with jewelry in the mouth, living in another major city or another country, history of testing positive for lead in blood). Pica behavior, defined as an abnormal craving or appetite for nonfood substances, such as dirt, paint, or clay, is particularly an important risk factor among pregnant women, especially in urban environments with lead soil contamination. Additional questions, identified from previous studies, ascertained use of plastic or vinyl mini-blinds in the home [21, 22] and use of lighting candles at least a few times a month in the house [22] .
Blood Lead Level Determination
At the same visit, a clinic nurse collected 10 mL of whole blood (EDTA vials) from each participant by venipuncture. Specimens were shipped on dry ice to the Quest Diagnostics clinical laboratory for blood lead analysis by the atomic absorption spectroscopy (AAS). The limit of detection (LOD) for blood lead using the AAS method is 3 lg/dL, sufficient to detect levels above both the CDC 'intervention level' and the CDC 'level of concern'. Because AAS is more widely available, substantially cheaper than inductively coupled plasma mass spectrometry (ICP-MS), and sufficient to detect levels of concern, it is likely to be representative of methods used by clinical screening programs.
ICP-MS provides substantially increased sensitivity and can detect the presence of blood lead at levels well below the recommended action levels. However, this instrumentation is not always readily accessible to clinicians and public health programs, and analytical costs can be prohibitive for screening. Therefore, to assess whether BLLs below the recommended action levels were associated with self-reported potential sources of exposure and corresponded to results obtained by AAS, a subset of 39 samples was re-analyzed by ICP-MS (Elan DRC II, Perkin Elmer, Norwalk, CT) in a single batch at the trace metal laboratory at the Harvard University School of Public Health. These samples were from the last 39 subjects enrolled in the study for whom at least 1ml of whole blood was banked for confirmatory analysis. One gram of blood samples was digested with 2 mL of concentrated HNO 3 acid for 24 h in a 15 mL plastic tube at the room temperature. Samples were left to digest for 24 h at room temperature after addition of 1 mL of hydrogen peroxide. Samples were then diluted to 10 mL with deionized water. Lead in blood was measured by ICP-MS with isotope dilution procedure. Data given were the average of five replicate measurements by the instrument. The calculated detection limit for blood lead analysis by this procedure was 0.05 lg/dL -1 .
Data Analysis
Analyses were conducted in SAS Ò 9.2 (SAS Institute, Cary, NC) and PLS_Toolbox 5.0 in MATLAB (MATHWORKS, T. Matlab 2008Ra. Natick, MA). BLLs were log-transformed prior to analysis. Descriptive statistics and bivariate relationships were initially explored. The prevalence of each risk factor was compared among patients with detectable (C3 lg/dL) and 'non-detectable' by AAS lead levels using Chi-square analysis. In addition, these risk factors were modeled as potential predictors of BLLs, measured on a continuous scale, by multiple linear regression for the 39 patients for whom BLLs were measured by ICP-MS.
To identify a combination of risk factors responsible for the best separation between subjects with 'positive' and 'negative' levels by AAS, a partial least squares discriminant analysis (PLSDA) was applied. PLSDA is a multivariate inverse least squares discrimination method which sharpens the separation between groups of observations by rotating mathematical components obtained by Principal Component Analysis (PCA) such that a maximum separation among classes (e.g., subjects with detectable and non-detectable levels) is obtained. PCA and PLSDA transforms original variables into new uncorrelated variables, called principal components. Each principal component is a linear combination of the original variables (risk factors). The coefficients of the principal components are calculated so that the first principal component (PC1) contains the maximum variance. The second principal component (PC2) is calculated to have the second most variance, and, importantly, is uncorrelated with the PC1 and so on. The first output from PCA is component coefficients or loadings, which are the coefficients of the linear combinations of the original variables that generate the principal components. The second output, principal components or scores, contains the coordinates of the original data in the new coordinate system. Biplots displaying both the principal component coefficients for each variable and the principal components for each subject in a single plot for the PC1 and PC2 were produced to visualize the clustering of samples with respect to risk factors that were the most or least important for separating patients based on their BLL results. Correlated variables and samples are located in the same quadrant on a biplot. Risk factors clustered in the same quadrant as the samples that tested 'positive' for lead were the most predictive of the BLL results.
Results
The mean age of study participants was 26.1 ± 5.5 years, and the average gestational age at recruitment was 14.5 ± 5.5 weeks ( Table 1 ). The majority of the study participants were Spanish-speaking (88.6%), Latina (95%) and born outside of the U.S. (87.1%). Most women reported a high school education or lower (84.3%), lacked any form of health insurance (86.4%), and were married or living with a partner (79.3%). Half of the sample reported an unplanned pregnancy and 25.0% reported a history of adverse perinatal outcomes. There was no reported tobacco use at the time of the interview; however, 5.7% of women reported that they quit smoking after pregnancy recognition. In terms of alcohol use, 17.9% reported at least one Gestational age at enrollment (weeks) 14.5 ± 5.5
binge drinking episode (C4 standard drinks on one occasion) during the month around their last menstrual period (LMP) and 10% reported some alcohol use after LMP (mostly prior to pregnancy recognition). For the entire sample, the most common self-reported sources of potential lead exposure included eating Mexican tamarind-chile candies or using Mexican seasonings (73.6%), living with an adult whose occupation might involve lead exposure (44.2%), having lived previously in a major city outside of New Mexico (43.6%), currently/ ever living in a house built before 1978 (47.1%) or built before 1960 (24.3%).
Among 140 participants, only three (2.1%) had a detectable BLL by AAS. Analysis by ICP-MS confirmed that two of these patients had BLLs above the CDC cutoff for intervention (8.5 and 5.6 lg/dL) and a third patient had BLL of 3.4 lg/dL. Of the 39 participants analyzed by ICP-MS, the mean BLL was 1.06 ± 1.55 (median 0.61; range 0.26-8.5 lg/dL). Samples in the subset of 39 that had 'undetectable' BLLs by AAS were determined to have concentrations B1.1 lg/dL in ICP-MS confirmatory analysis.
Individual risk factors of lead exposure among participants with BLLs C3 lg/dL and BLLs \3 lg/dL are summarized in Figs. 1 and 2 . The only household feature that differed at a borderline significance level (p = 0.06) between the two groups was currently living or having ever lived in a house built before 1978. With respect to behavioral characteristics, subjects with positive BLLs had a higher prevalence of pica symptoms and a history of a positive blood test before pregnancy (both p-values\0.01). Other risk factors of concern in immigrant communities (e.g., use of traditional/folk remedies or cosmetics, Mexican chile seasoning or tamarind candies, having lived in a large city, and living with someone who has a hobby or job with lead-exposure) were not associated with increased BLLs in our sample.
PLSDA analysis resulted in a model displayed as biplot in Fig. 3 . The position of each subject and risk factor on the biplot is determined by respective principal components and component coefficients values calculated by PLSDA. participants listed Mexico city) in the past. Interestingly, the use of Mexican candies/seasonings, traditional/folk remedies or cosmetics, and a hobby of a study participant or her household member involving lead products were not important predictors identified by PLSDA in this sample.
Multiple linear regression results, obtained on a subset of 39 women for whom BLLs analysed by ICP-MS were available, confirmed the results of PLSDA analysis. Namely, significant predictors included pica symptoms (p = 0.017), use of non-commercial pottery (p = 0.010), and testing positive for BLL before pregnancy (p \ 0.001).
Discussion
The decrease of elevated BLLs in the U.S. general population since the late 1970s is considered a major environmental health achievement. Data from the 2003-2008 National Health and Nutrition Examination Surveys (NHANES) indicated that BLLs among pregnant women were actually lower (0.64 lg/dL) than those in non-pregnant women (0.85 lg/dL), and less than 0.5% of the this nationally representative sample had elevated BLLs [5 lg/dL [23] . However, the report indicated that pregnant Mexican-American women had much higher lead levels (0.90 lg/dL) and women born in Mexico had twice as high BLLs (1.08 lg/dL) compared to their U.S.-born counterparts (0.62 lg/dL). Occupational and clinical surveillance data from 37 states collected by the CDC indicate that 0.6 per 100,000 women of childbearing age (16-44 years) had BLLs C40 lg/dL and 10.9 per 100,000 women had BLLs of C5 lg/dL [5] .
Poor, urban, and immigrant populations remain at increased risk for lead exposure [15] . For example, the prevalence of elevated BLLs among pregnant women in the Mahoning County (Ohio), which was a center of steel production in the U.S. until the late 1970s, might be as high as 13% [1] . Prior studies suggest that sources of lead exposure and prevalence in asymptomatic women of childbearing age and pregnant women most commonly include gasoline, air, contaminated soil or water, certain vinyl products, some folk and alternative health remedies, residential lead-based paint, and occupations or hobbies that use lead [24, 25] .
Immigrant pregnant women, especially recent immigrants, were reported to have higher BLLs compared to non-immigrants, and the BLLs among immigrants decreased with time spent in the U.S. [26] . The higher prevalence of lead exposure in immigrant populations might be due to the greater likelihood of living in older homes, closer proximity to lead smelters and other leadproducing factories, poorer nutrition, previous exposure to leaded gasoline, and occupational exposures [15, 26] .
Although nearly all patients in this study had negative BLLs, there was an exceptionally high prevalence of consuming traditional Mexican candies and seasoning products (73.6%). Tamarind candy and folk remedies have previously been implicated in elevated BLLs in children according to some case reports [27] . Lead can be found in these candies and seasonings from ceramic candy containers, cellophane wrappers and ink on the wrappers, and from chile powder [27, 28] . Investigations of candy wrappers reported by the CDC found a Dulmex-brand Bolirindo lollipop with lead levels as high as 21,000 ppm, confirmed by the U.S. Food and Drug Administration (FDA), which lead to a public health warning [27] . Tamarind candies are often sold in small clay pots with leaded glazes, and the acidity of the tamarind fruit may further increase the leaching of the lead into the product [29] . Chile grown in Mexico have been found to contain high levels of lead from the soil in which they were grown and from processing plants [29] . Specific traditional Mexican products commonly cited by our study participants included chile suckers and candies, chile powder, tamarind, pulparindo, and Vero candies.
Prevalence of pica among pregnant women and its effects on the mother and fetus are not well described, although the prevalence in high-risk groups has declined during the 1950s and 1960s, and remained relatively stable since the 1970s [30] . The common risk factors for pica Fig. 3 Combination of potential sources of lead exposure, organized into principal components, which results in the best separation of subjects with positive and negative BLLs. Note: Correlated risk factors (green diamonds) which best separate patients with 'positive' (red dots) and 'negative' (blue dots) blood lead tests are located in the same quadrant on a plot. PC 1, first principal components (quadrants ''B'' and ''C'' vs. ''A'' and ''D''). PC 2, second principal component (quadrants ''A'' and ''B'' vs. ''C'' and ''D''). ''Self'' and ''household'' labels refer to risk factors applicable to a pregnant women and a household member, respectively symptoms include low socioeconomic status, malnutrition, and living in underdeveloped areas [31] . Pica was previously associated with severe gestational lead poisoning, and some studies reported that the prevalence of pica might be as high as 39% among pregnant women with BLLs C20 lg/dL [14, 32] .
In this study, the prevalence of positive BLLs was lower than expected, despite targeting recent immigrants with an average of four risk behaviors per participant. Even though our results cannot be generalized to all immigrant pregnant women, and the prevalence of elevated BLLs can be difficult to estimate due to a relatively small sample size, this study suggests that the prevalence of lead exposure among recent immigrants, similar to the general U.S. population, might have declined in recent years. Our results are in accordance with the recent surveillance data from the New Mexico Department of Health Lead Prevention Program which indicated that in 2006-2008 only 3 out of every 1,000 children tested for lead exposure had elevated BLLs [33] . However, these results cannot be generalized to other states in the Southwest.
An important health policy implication was highlighted by this study: in this population of predominantly immigrant Latinas, standard screening questionnaires would result in a very high false positive rate, if routinely used in the clinical settings. This could present an unnecessary burden to the healthcare system if all women who screened positive on the questionnaire underwent blood testing. There are two possible explanations for our findings of relatively low BLLs despite prevalent risk factors for lead exposure. First, successful public health efforts to decrease BLLs in the general U.S. population had an overall impact on the traditional risk factors (e.g., older housing, occupational exposure) which might be less contaminated with lead than in the past. While it is feasible that some immigrants have past exposures which might mobilize from endogenous bone stores during pregnancy, the most rapid initial drop in BLLs occurs during the first 2 months after the removal from environmental exposure [11] . In our study population, women resided on average for 8.2 ± 5.7 years in the United States. The second possible explanation is that the previously reported lead contamination of Mexican candies/seasonings and traditional folk remedies cannot be generalized to all such products. However, it is not clear whether screening questionnaires would have worked better in other parts of the United States. Our study raises the need to conduct more extensive evaluation of 'non-traditional' sources of lead exposures specific to immigrant populations in future studies. Our data also suggest that patients reporting pica symptoms and a history of elevated BLLs should be followed up more closely and screened for BLL in pregnancy.
Several limitations in the current study need to be mentioned. First, results of the study suggest a need for a more extensive analysis to determine the generalizability of the results to other immigrant communities. Second, while we assessed BLLs and asked participants to report risk factors of lead exposure, the specific products and environments were not directly tested for lead. Third, given the limit of detection of AAS, lead levels below 3 lg/dL could not be estimated for the entire sample; however, subset analysis by ICP-MS demonstrated that BLLs identified as undetectable by AAS had values B1.1 lg/dL. In addition, PLSDA for the entire sample and multiple linear regression for a subset of patients with BLLs measured by ICP-MS identified the same risk factors which further support our conclusions. Finally, given a low prevalence of elevated BLL tests, statistical power to detect association with some risk factors could have been limited. Given these limitations, it is important to emphasize that this was the first study in New Mexico to focus on socially-disadvantaged women from a low-income neighborhood, mostly Spanishspeaking immigrants, that otherwise might not be included in public health surveys. In addition, in an effort to minimize recall bias based on pregnancy outcome, patients in our study were recruited during the first part of pregnancy.
In summary, while our study confirmed well-established risk factors for chronic lead exposure (i.e., including living in older houses, history of elevated BLLs, use of noncommercial pottery) and emphasized the importance of evaluating sources of lead exposure specific to pregnant women (i.e., pica symptoms), lack of association with other risk factors relevant to immigrant communities (i.e., use of traditional/folk remedies and cosmetics, seasonings and food products from Mexico) warrant development of new screening questionnaires that more accurately assess sources of lead exposure among Latina pregnant women. However, until new screening questionnaires tailored to immigrant pregnant women are developed and validated, pregnant women reporting a regular use of non-commercial pottery, pica symptoms, and a prior history of elevated BLLs need to be screened for blood lead during pregnancy.
